Objective: Obestatin and ghrelin are derived from the same gene and co-expressed in the same endocrine cells. Vesicular monoamine transporter-2 (VMAT-2), a marker for enterochromaffin-like (ECL) cells, is considered to be expressed in ghrelin cells. The aim was to establish if the two peptides and the transporter are co-expressed, both in normal gastric mucosa and in gastric endocrine tumours. Design: An immunohistochemical study was performed on gastric biopsy material and on surgical specimens from 63 patients with gastric endocrine tumours and from individuals with normal gastric mucosa. Cells displaying obestatin immunoreactivity were examined regarding co-localization with ghrelin and VMAT-2. Both single-and double-immunostaining techniques were applied. Obestatin concentration in blood was measured in a subgroup of these patients. The results were correlated to various clinico-pathological parameters. Results: In the normal mucosa, obestatin/ghrelin-immunoreactive cells rarely co-expressed VMAT-2. In most tumour tissue specimens, only a fraction of neoplastic cells displayed immunoreactivity to obestatin, and these cells always co-expressed ghrelin. Neoplastic obestatin-/ghrelin-IR cells invariably expressed VMAT-2, except for two ghrelinomas. The obestatin concentrations in blood were consistently low and did not correlate to clinico-pathological data. Conclusions: Obestatin and ghrelin immunoreactivity always occurred in the same endocrine cells in the gastric mucosa but these cells only occasionally co-expressed VMAT-2, opposite to the findings in tumours. These results indicate that endocrine cells expressing obestatin and ghrelin mainly differ from VMAT-2 expressing cells (ECL-cells) and can develop into pure ghrelinomas. Plasma concentrations of obestatin did not correlate to cellular expression.
Introduction
Obestatin is a 23 amino-acid peptide that derives from the processing of preproghrelin (1) . It is believed to be produced mainly in the gastric mucosa, but its receptor is still a matter of some controversy (1) (2) (3) (4) . In rodents, there are indications that obestatin is involved in the faculty of memory, has anxiolytic effects and inhibits thirst (5, 6) . In man, it has been suggested that obestatin may have an effect in longterm bodyweight regulation and that the preprandial ghrelin to obestatin ratio may play a role in the pathophysiology of obesity (7, 8) . The hormone ghrelin is involved in the regulation of bodyweight by stimulating appetite and it is the endogenous ligand of GH secretagogue receptor subtype 1a (9, 10) . It has been shown that ghrelin stimulates gastrointestinal motility in humans (11, 12) . The stimulatory effects of ghrelin on gastric motility may be mediated by vagal nerve or directly by ghrelin receptors in the stomach (11) . Furthermore, administration of ghrelin accelerates gastric emptying and improves meal-related symptoms in patients with gastroparesis (13, 14) . In man, the ghrelin-immunoreactive (KIR) cells occur mainly in the fundus-corpus mucosa of the stomach and co-express obestatin (15, 16) . It has been reported that ghrelin cells in gastric mucosa express the vesicular monoamine transporter-2 (VMAT-2), which is an immunohistochemical (IHC) marker for the enterochromaffin-like cells (ECL-cells) of the oxyntic mucosa and, consequently, also for ECL-cell carcinoids (ECL-CCs) (17) (18) (19) .
Numerous ghrelin-IR cells appear in most gastric endocrine tumours, and in cells in areas of endocrine cell hyperplasia in mucosa (20) (21) (22) (23) . Two malignant endocrine tumours with hyperghrelinaemia have been described, one originating from pancreas and one from gastric mucosa (24, 25) . Recent studies have also indicated that ghrelin-IR cells present in gastric ECL-CCs and in foci of the adjacent mucosa with concomitant ghrelin cell hyperplasia, are not related to concentrations of circulating ghrelin (23) .
The aims of the present study were i) to characterize normal gastric mucosa, foci of endocrine cell hyperplasia, and different gastric endocrine tumours, with respect to the occurrence of obestatin-IR cells and their relation to ghrelin and VMAT-2 expression, and ii) to measure plasma concentrations of obestatin and correlate these findings to clinico-pathological parameters.
Materials and methods

Patients and tumours
Biopsy and/or gastric resection specimens from 63 patients with primary gastric endocrine tumour, and metastases from 21 of these cases, were collected from the Laboratories of Pathology at the University Hospital in Uppsala, Sweden and St Olav's University Hospital in Trondheim, Norway. Non-tumorous oxyntic mucosa surrounding the tumours was also included with a view to examine the possible existence of foci of endocrine cell hyperplasia. Most of these tumours had been included in an earlier study (23) . The tumours were classified as type I (nZ37), type II (nZ3), type III (nZ9) ECL-CCs, non-ECL-CC (nZ1), ghrelinomas (nZ2) and poorly differentiated endocrine carcinomas (PDECs; nZ11) from which four were of small cell and seven of large cell type (26) . The primary diagnosis in the 21 cases of metastases included in this study was: type I (nZ3), type II (nZ1), type III (nZ6), ECL-CCs, ghrelinomas (nZ2) and PDECs (nZ9). One of the patients with type III ECL-CCs suffered from atypical carcinoid syndrome. Furthermore, the tumours were also classified according to the recently presented staging system based on TNM classification (see Tables 1 and 3 ) (27) .
Control tissues
Control tissue biopsies were from fundus, corpus and antrum mucosa of 14 adults. Six specimens were from patients operated for gastric adenocarcinoma, eight from biopsies obtained on gastroscopy. All the control tissues examined originated from macro-and microscopically normal gastric mucosa. The surgical specimens were located at least 3 cm from the neoplasm. The patients who underwent gastroscopy suffered from epigastralgia. In the tissue samples obtained from the gastric endocrine tumours, peritumorous mucosa was also used as an internal control. 
Development of obestatin antibodies
A 23 amino acid peptide, identical with human obestatin with an additional amino-terminal cysteine residue, was synthesized. The peptide was coupled via the cysteine residue to maleimide-activated keyhole limpet hemocyanin. Free peptide was removed by dialysis. A rabbit was immunized with the peptidecarrier complex using a standard immunization procedure. The antibody raised against obestatin peptide was used both for RIA and for IHC investigation. The specificity of the antibody has been proven previously by western blot (16) .
Routine staining and IHC
All the tissue samples were fixed in 10% buffered neutral formalin and routinely processed to paraffin wax. Consecutive sections, w4 mm thick, were attached to positively charged glass slides (SuperfrostPlus; Menzel Gläser, Braunschweig, Germany). The sections were routinely stained with haematoxylin-eosin. For the IHC classification of the tumours, the sections were immunostained with general and specific neuroendocrine markers using a polymer detection system (DakoCytomation (Glostrup, Denmark), EnVisionC system-HRP, K4010 for primary rabbit antibodies and K4006 for primary mouse antibodies), except for the immunostaining of the goat VMAT-2 antibody where the avidin biotin complex technique (Vectastain ABC PK-6100 (Vector Laboratories, Burlingame, CA, USA)) was used with a biotinylated horse anti-goat secondary antibody (BA-9500, Vector Laboratories, 1:100). Diaminobenzidine was the final chromogen. The primary antibodies used are summarized in Table 2 . Before immunostaining, the sections were microwave treated for 2!5 min at 750 W; using Tris buffer saline, pH 8.0, as retrieval solution.
Double immunofluorescence
Co-localization studies were performed using immunofluorescence technique with the primary antibodies presented in Table 2 .
For double immunofluorescence staining, the sections were microwave treated for 2!5 min at 750 W in Tris buffer saline, pH 8.0; and then incubated overnight with a cocktail of two primary antibodies at 4 8C. Before application of the antibody cocktail, the sections were incubated with a mixture of non-immune sera from the animal species producing the secondary antibodies, diluted 1:10. The secondary antibodies used were: tetramethyl rhodamine isothiocyanate (TRITC)-conjugated donkey anti-chicken (703-025-155, Jackson Immuno Research Laboratories (PA, USA) 1:100); FITC-conjugated donkey anti-chicken (703-095-155, Jackson Labs, 1:100); swine anti-rabbit FITC-conjugated (F 0205, DakoCytomation, 1:100); goat anti-rabbit (TRITC) conjugated antibody (111-075-003, Jackson Labs, 1:100) and biotinylated horse anti-goat (BA-9500, Vector Laboratories, 1:100). As fluorochrome, for the biotinylated secondary antibody, streptavidin-Texas Red (SA-5006, Vector Laboratories) was used. TRITC and Texas Red chromogens give rise to red fluorescence and FITC to green. Incubation time of the secondary antisera was 30 min at room temperature. To minimize unspecific staining and ensure species specificity, the secondary antibody in question was preincubated overnight at 4 8C with 10 ml/ml normal serum both from the animal species recognized by the other secondary antibody and from the species producing the other secondary antibody. The sections were examined in a Zeiss Axioplan2 fluorescence microscope and photographed with an AxioCam HRm camera employing Axiovision imaging software and a 63X plan-apochromat objective. The co-localization studies were based on sections from normal fundus (nZ3), corpus (nZ3) and antrum (nZ3); and from type I (nZ5), type II (nZ1), type III ECL-CCs (nZ2), ghrelinoma (nZ1) and PDECs (nZ2).
Antibody specificity tests
Specificity tests were performed for the ghrelin, obestatin and the two different VMAT-2 antibodies, in conventional IHC analyses and in double immunofluorescence staining. Control immuno-staining included omission of the primary antisera, and replacement of the primary antibody by non-immune serum at the same dilution as the primary antibody in question and in the same diluent. A neutralization test was conducted by a 24-h incubation of primary antiserum with the relevant antigen (10 nmol antigen per ml diluted antibody solution) before application to the sections. Furthermore, the ghrelin and obestatin primary antibodies were also used in crossneutralization tests. Obestatin, ghrelin or VMAT-2 antiserum preabsorbed with the respective peptide did not give rise to immunostaining. The same finding was seen after the omission of the primary antiserum in question or its replacement by non-immune serum. When the ghrelin and obestatin antibodies were incubated with the antigen used to raise the other antibody, the immunoreactivity remained unchanged. In double immunostaining, the omission of one of the primary antibodies or its replacement by non-immune serum gave an immunostaining pattern corresponding to that obtained with the remaining primary antibody. After the neutralization test or the omission of both antisera, the controls were non-IR.
Plasma samples
Blood samples from 31 patients included in the histopathological part of the study, were collected after an overnight fast and before initiation of treatment. Of these patients, 15 had type I, two type II and eight type III ECL-CCs. A patient with a malignant ghrelinoma was also included, as well as five patients with PDECs, two of small-cell type and three of large cell type.
Blood samples were also collected from 67 healthy individuals (28 men and 39 women, age range 18-67 years), in chilled, and heparinized vacutainer tubes. These were centrifuged at 3000 g within 30 min. Frozen plasma aliquots were stored at K20 8C until analysis.
RIA for obestatin
The antibodies and the synthesized peptide were used to develop a specific RIA. For preparation of tracer, the peptide was labelled with 125 I (Amersham International, Amersham) using the chloramine-T method as described elsewhere (28) . The assay was constructed as follows; standards and unknown samples were incubated with tracer (30 000 cpm/tube) and primary antibodies, at a dilution producing 30% bound radioactivity, for 3 days at C4 8C. All standards and samples were assayed in duplicate. Antibody-bound radioactivity was separated from free tracer by adding a second antibody, goat anti-rabbit IgG coupled to a solid phase (decanting suspension 3, Pharmacia Biotech, Uppsala, Sweden). The antibody-bound radioactivity was then measured in a g-counter (Auto-g, Wallac, Pharmacia Biotech) and the data were calculated with a logit-log transformation program (Multicalc, Wallac).
Plasma samples were analysed pre-diluted 1:4 in assay buffer. All chemicals used were of pro analysis grade (Merck). Dilutions in the RIA were performed in the assay buffer, which was a 0.05 M sodium phosphate buffer at pH 7.4, with 0.15 M sodium chloride, 0.02% sodium azide, 0.2% BSA and 0.5% Tween 20.
Other assays
Circulating concentrations of chromogranin A (CgA) and gastrin were measured with commercially available kits (Eurodiagnostica, Malmö, Sweden). Total ghrelin was also measured, using a commercial kit (Linco Research, St Louis, MI, USA) in 21 of these patients (23, 25) . The reference interval for ghrelin was !2 mg/l (23, 25).
Correlations
A possible correlation was sought between the expression of obestatin in the neoplastic tissue and plasma obestatin levels. Furthermore, the data for obestatin expression in the neoplastic tissue, and plasma obestatin concentration were correlated with clinicopathological parameters of each patient such as patient's body mass index (BMI), size of the lesion (volume calculated from the measured diameter of tumours), circulating concentrations of ghrelin, gastrin and CgA. Correlations were calculated using linear regression.
Approval by the ethics committee
The research protocol was reviewed and approved by the local research ethics board at Uppsala University Hospital.
Results
Immunohistochemistry
Scattered obestatin-IR cells were identified in the fundus and to a lesser extent in corpus and antrum mucosa. These cells were located mainly in the deeper third of the glandular crypts.
The IHC expression of general (CgA and synaptophysin) and specific (VMAT-2, serotonin and somatostatin) neuro-endocrine markers in neoplastic and foci of endocrine cell hyperplasia was similar to that previously reported (23, 25) . Thus, VMAT-2 was considered specific for the ECL-CCs and was not expressed in ghrelinomas. The latter tumours did not reveal any immunoreactivity with the other specific endocrine cell markers examined. When the immunostaining results with the two VMAT-2 antibodies were compared, no differences were seen regarding the frequency or distribution of IR cells in normal gastric mucosa, in peritumorous mucosa or in gastric endocrine tumours.
Obestatin-IR cells were identified in 35 of 37 of the type I ECL-CCs. In most tumours, the incidence of obestatin-IR tumour cells was 5-10%, in eight of the cases between 15 and 80% (Fig. 1A) .
Patterns of endocrine cell hyperplasia were seen as described in a previous study (29) . Numerous foci of obestatin cell hyperplasia were found in the mucosa surrounding type I ECL-CCs. In these foci, diffuse, linear and nodular hyperplasia patterns occurred in various combinations (Fig. 1B) ; the most common was a combination of all three (Fig. 1B) . Only in two cases no obestatin cell hyperplasia was identified; in these mucosa areas, intestinal metaplasia predominated.
All three type II ECL-CCs contained occasional obestatin-IR tumour cells. In one case, the mucosa adjacent to the tumour showed diffuse and linear obestatin cell hyperplasia; in the other two, only a diffuse pattern was seen. The obestatin-IR cells in the foci of endocrine cell hyperplasia were fewer than in those found in the corresponding areas in type I ECL-CCs.
Four out of nine cases of the type III ECL-CCs contained obestatin-IR cells. In three of them, occasional obestatin-IR tumour cells were present, whereas in the fourth case about 10% was present. In the mucosa surrounding the type III ECL-CCs, slight diffuse obestatin-IR cell hyperplasia was observed in five cases. In one of them, a few foci displayed a linear obestatin cell hyperplasia pattern.
The non-ECL-CC case expressed obestatin in about 5% of the neoplastic cells, without obestatin-IR cell hyperplasia in the peritumorous mucosa.
Both ghrelinomas expressed obestatin, in one case virtually in all tumour cells; and vast majority in the other. In the latter case, the immunoreactivity of the tumour cells facing the fibrovascular stroma was stronger (Fig. 1C) . No endocrine cell hyperplasia was detected in the peritumorous mucosa of these tumours.
None of the eleven PDECs contained obestatin-IR cells but in the mucosa adjacent to the tumour, a diffuse hyperplasia pattern of obestatin/ghrelin-IR cells was observed in two large-cell PDECs, and a slight diffuse and linear hyperplasia pattern in another two large cell PDECs and in one small cell PDEC. However, the linear pattern of obestatin-IR cell hyperplasia in these cases was limited to a few glands.
Obestatin-IR cells also occurred in metastatic lesions, often in a frequency and distribution pattern similar to that in the primary tumours.
Double immuostaining
All obestatin-IR cells in normal mucosa, in foci of endocrine cell hyperplasia ( Fig. 2A ) and in tumour cells (Fig. 2B ) displayed ghrelin immunoreactivity. Furthermore, the cytoplasmic distribution patterns of the two peptides agreed. In tumours, and in areas of endocrine cell hyperplasia, the intensity of obestatin and ghrelin immunoreactivity varied slightly, producing variable tints of yellow in the fusion images.
In normal gastric mucosa, only occasional obestatin and ghrelin-IR cells displayed VMAT-2 immunoreactivity, i.e. the vast majority remained non-IR to the transporter protein (Fig. 2C) . In foci of nodular endocrine cell hyperplasia identified by obestatin/ghrelin immunoreactivity, occasional cells co-expressed VMAT-2 and vice versa. In the remaining patterns of endocrine cell hyperplasia, no co-localization occurred (Fig. 2D) . Furthermore, the tumour cells showing immunoreactivity to obestatin and ghrelin also expressed the transporter, except for the ghrelinoma. The same results were obtained with both VMAT-2 antibodies.
Plasma concentrations
The sensitivity of the obestatin RIA was !4 fmol/ tube. Since plasma samples were assayed diluted 1:4, the functional detection limit of the assays was !0.16 nmol/l. The antibodies were used in a final dilution of 1:30 000. The overall assay variation was !10%. From the 67 healthy individuals the reference interval for obestatin was calculated to range between 0.7 and 2.0 nmol/l.
In the 31 patients in whom plasma obestatin was measured, four patients with type I, one with ghrelinoma and one with PDEC had slightly increased concentrations. However, the previously described patient with a ghrelinoma, who had w1000-fold increased concentration of ghrelin had only a slightly increased concentration of obestatin (3.5 nmol/l) (25) . The patient with a type III ECL-CC who suffered from atypical carcinoid syndrome had an obestatin concentration within the reference range. The obestatin, CgA and gastrin concentrations are summarized in Table 3 . All patients except one had normal kidney function.
Correlations
No correlations were found when the incidence of obestatin-IR tumour cells or the concentration of plasma measurements of obestatin were compared with patient's BMI, tumour size and the circulating concentrations of ghrelin, gastrin and CgA, or when the incidence of obestatin-IR tumour cells was compared with the concentration of plasma obestatin (data not shown).
Discussion
Traditionally, ECL-cells have been characterized by VMAT-2 expression. Our results show that only a minority of VMAT-2-IR cells in the normal gastric mucosa co-express obestatin/ghrelin. Conversely, most obestatin/ghrelin cells fail to show VMAT-2 immunoreactivity. The same inhomogeneous immunostaining pattern was observed in foci of endocrine cell hyperplasia of nodular pattern. However, in endocrine tumours another pattern occurred; all endocrine tumours co-expressed VMAT-2 and obestatin/ghrelin. In an earlier study, the ghrelin cells were reported to be VMAT-2-IR in human normal mucosa (17) . That report was based on a comparison of immunostained 2 mm consecutive sections, and the results were corroborated by ultrastructural investigation with double immunogold labelled antibodies. Those findings partly disagree with the present results where only a minority of obestatin-/ghrelin-IR cells co-expressed VMAT-2, suggesting that only a few obestatin/ghrelin cells has VMAT-2 in common with ECL-cells. This finding is further supported by the fact that obestatin/ghrelin expressing cells in foci of endocrine cell hyperplasia were only occasionally IR to the transporter protein.
The disparity between the results of these two investigations may be attributed to the different techniques used.
The cause of the different VMAT-2 immunostaining patterns in obestatin/ghrelin cells may depend on their functional state. Another explanation may be that different obestatin/ghrelin subpopulations exist where the absence of VMAT-2 indicates lack of amine production. It is believed that neuroendocrine cells produce both peptide hormones and amines. However, obestatin/ghrelin cells may produce another biogenic amine than histamine. The infrequent expression of VMAT-2 in obestatin/ghrelin cells may indicate that other transporter proteins might be present.
In contrast to the observations made in diffuse and linear endocrine cell hyperplasia, the co-localization studies performed on focally hyperplastic gastric mucosa of nodular pattern identified by VMAT-2, showed that a minority of VMAT-2-IR cells expressed obestatin and ghrelin. Furthermore, in ECL-CCs, all tumour cells that were obestatin-and ghrelin-IR also expressed VMAT-2. An analogous finding was previously presented when consecutive sections from various types of ECL-CCs were immunostained for VMAT-2 and ghrelin (23) . It is thought that via the hyperplasia-dysplasia-neoplasia sequence the nodular hyperplasia pattern is a later event, when compared with diffuse and linear patterns, and is considered to be a premalignant stage. It can be assumed that a subgroup of hyperplastic/neoplastic ECL-cells can adopt obestatin/ghrelin cell characteristics. It cannot be excluded that these lesions are comprised by multipotent hyperplastic/neoplastic cells that express both features of ECL-and obestatin/ghrelin cells. However, it is also possible that these hyperplastic/neoplastic cells constitute a separate cell population derived from the small subpopulation of obestatin/ghrelin cells that express VMAT-2 in the normal gastric mucosa. On the other hand, all the tumour cells of the two ghrelinomas remained non-IR to the VMAT-2 antiserum, both in the primary tumours and in metastases, further supporting that they have their histogenetic origin in the non-VMAT-2 expressing ghrelin cells of the gastric mucosa (25) . Forthcoming IHC studies on the ultrastructural level may address these questions.
As previously shown for ghrelin, foci of endocrine cell hyperplasia IR to obestatin were identified in peritumorous mucosa of gastric endocrine tumours (23) . It is still not known why foci of obestatin/ghrelin cell hyperplasia occur, as ghrelin is independent from gastrin tropic effect (30) .
Several studies have reported that the plasma ghrelin concentration remained within the reference range despite the presence of the hormone in neuroendocrine tumours (23, 24, 31) . The only exceptions reported include one malignant gastric and one pancreatic ghrelinoma, both presenting a 1000-fold elevated total plasma ghrelin concentration (24, 25) . In agreement with the data on plasma ghrelin concentrations, we were unable to identify patients with grossly increased obestatin concentrations, irrespective of the presence of obestatin-IR tumour cells. Furthermore, the occurrence of obestatin-IR cells in the neoplastic parenchyma was not correlated to the clinico-pathological parameters examined. The antibodies used in this study are directed towards the two different hormones, obestatin and ghrelin, which are the cleavage products of preproghrelin. However, we cannot rule out the possibility that in some instances the antibodies detect the preproghrelin peptide. It is not known exactly when during the storage and secretion process, the preoprohormone is cleaved into ghrelin and obestatin, but the two peptides seem to have different biological effects and their plasma concentrations do not correlate to each other, indicating that they are cleaved and function as two independent hormones. Some patients in this study had a slightly increased plasma obestatin concentration, whose cause is not clear, but it was not correlated to any of the various clinico-pathological parameters investigated (tumour size, patients' BMI or circulating levels of ghrelin, gastrin and CgA). Of particular interest is the ghrelinoma patient who presented with a 1000-fold increased concentration of circulating total ghrelin, whereas obestatin was w1.5-fold increased, despite the co-localization of the two peptides. It is conceivable that obestatin-IR cells in these lesions are unable to release the hormone into the circulation, or that the amount of hormone released is too little to affect plasma levels. Another possible explanation could be that obestatin is further processed immediately after its release into the circulation, to products not identified by our RIA. However, in most patients examined, the circulating levels of ghrelin and obestatin are very low and it is plausible that both hormones exert their major biological effect by paracrine or autocrine actions.
In conclusion, we have found that ghrelin and obestatin are expressed in the same cells in the gastric mucosa and gastric endocrine tumours. Occasional obestatin-/ghrelin-IR cells in the gastric mucosa expressed VMAT-2, whereas this transporter protein was demonstrated in all the neoplastic obestatin/ghrelin expressing cells in ECL-CCs. However, the two ghrelinomas displayed obestatin immunoreactivity, though lacking VMAT-2-IR cells. These results indicate that obestatin/ghrelin-IR cells differ chiefly from VMAT-2-IR cells.
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